How do cells learn?
The experimental observations of learning in cells raises the obvious question of mechanism. In a computer, the substrate of computation is a logic gate, while in a multicellular brain, the substrate of computation is the neuron, but what about inside a single cell? Many proteins are regulated by multiple inputs, allowing them to act as logic gates. This is also true for promoters that are controlled by multiple activators and repressors. The complexity of signaling networks within a cell is staggering, and it is fair to say that we are still coming to grips with the computational capacity of such networks. Gene networks can emulate both logic gates and computational neural networks, and hence can, at least in principle, produce a very wide range of computations and learning abilities. For example, theoretical studies have revealed gene regulatory networks that are capable of associative learning.
A major challenge is how to bridge the gap in scales between molecular implementations of logic gates on the one hand and behavior of whole cells on the other. One strategy is to apply molecular genetic methods to cells as they learn and behave, with the goal of identifying genes required for a particular form of learning or behavior. The other strategy is to identify computationally interesting molecular networks and fi nd out how they are used in the context of cell behavior. In computer science, the same problem of a gap in scales exists in that it is almost impossible to jump from a gate-level description of a computer to an understanding of the computation it is performing. The solution has been to interpose additional levels of description. For example, in many cases, a computation can be described in abstract terms such as a fi nite state machine, in which the computer is represented as a set of possible states and rules for transitioning between them.
This same paradigm can be applied to cells, provided we have ways to classify cell states. Traditional molecular descriptors of cell state, such as RNA sequencing, are inherently destructive, meaning that it isn't possible to determine the state of a cell without killing it, thus preventing us from directly observing state transitions. However, microscopybased methods for inferring cell state are now becoming available, allowing state transitions to be recorded. It will be of great interest to see how such approaches can inform our understanding of learning and problem solving in cells. [1] . Here we study action blindsight -motor responses to unseen stimuli -via the infl uence on eye saccades of a visual stimulus presented in a blind area. One pathway that hypothetically enables action blindsight in humans, but that has never been formally proven to do so, is the primitive retino-tecto-reticular pathway. We demonstrate, in hemidecorticate patients with no available neural structures for vision on one side except for the primitive retino-tectoreticular pathway, that saccades to their blind hemifi eld can be perturbed by an unseen visual probe according to visuo-motor interactions on the logarithmically-encoded motor map of their superior colliculus (SC) [2] . The primitive retino-tecto-reticular pathway thus appears to be functional in these patients. We studied two rare hemispherectomy patients (see Supplemental Information for details): DR, who lacked the entire right hemisphere including cortex, pulvinar and LGN, with no possibility that a structure on the operated side could support visual processing (Figures 1A and S1); and SE, who had an intact frontal lobe but with all visual areas on one side surgically removed. Both patients had primitive blindsight but no visual awareness ( Figure S1 ) [3] [4] [5] . Each patient was asked to generate a horizontal anti-saccade directed towards their blind hemifi eld, to the mirror location of a visual cue fl ashed in their seeing hemifi eld ( Figures 1A  and S1 ). The cue-defi ned goal of the anti-saccade was randomly either 5º, 10º, 20º, 25º or 30º on the horizontal meridian of the blind hemifi eld. 100-200 ms after cue onset we fl ashed (86 ms) a visual probe (0.5º diameter) on the horizontal meridian of their blind hemifi eld. We compared the amplitude of the anti-saccade when the probe was fl ashed at 15º ( Figure  1B , ordinate) to when it was fl ashed at the anti-saccade goal ( Figure 1B abscissa; see Figure S1 for data on probe at 20º).
FURTHER READING
If the probe had no effect on the anti-saccade end-point, then all points in Figure 1B would fall on the dashed unity line at 45º. This was not observed: the probe 'drew' anti-saccade end-points towards its location, strongly in DR, much less in SE. This effect occurred only when the probe was presented between the anti-saccade goal and the central fi xation point ('inboard' zone in Figure  1B) , and not when the probe was presented beyond ('outboard') the anti-saccade goal. In support of these probe-induced visuo-motor spatial interactions, the probe shortened anti-saccade reaction times by ~ 20% in each patient (see Supplemental Information for details).
The spatial effect of the visual probe on anti-saccade trajectories can be elucidated with a simple model (see Supplemental Information) of the theoretical 'center of gravity' (CofG) between the locations on the SC's logarithmically-encoded motor map [2] of two hill-like discharges, one due to the anti-saccade motor command, the other to the visual probe ( Figure 1A) . We assumed the anti-saccade amplitude was determined by the CofG. When the probe-evoked visual activity was located between the motor hill and the SC's rostral 'fi xation' zone ('zone for probes inboard of motor command' in Figure 1B ), there is a good fi t between DR's experimental data and the theoretical line obtained when height of probe-induced 'hill' of visual activity equals the height of motor hill. The model for SE suggests that the probe-induced 'hill' was less than half that of the motor hill; this may be because of his surviving ipsilesional frontal lobe ( Figure S1) , with 'normal' frontal-eye-fi eld (FEF) containing neurons producing robust motor signals driving contralesional anti-saccades, little-infl uenced by small probe-induced distractor signals, and his longer reaction time allowing better discharge build-up (see below).
Further evidence that probe-motor interactions are occurring in the SC and are specifi c to probes fl ashed 'inboard' between the anti-saccade goal location and the SC's fi xation zone comes from Dorris et al.'s [6] electrophysiological study in the SC of monkey, which showed the effect of a visual distractor on target-directed saccades (Figure 1A, bottom) . In both that study and here, the probe-motor interactions occurred only when the probe-induced activity was rostral, not caudal, to the motor activity ('inboard'; corresponding to points above the solid horizontal line in Figures 1B and S1 ). Our simple model does not predict this asymmetric effect because we have neglected: asymmetric 'hills' of motor activity on the map (Figure 1A, bottom) , implying that visual inputs at points lying rostral, not caudal, to the site of peak motor activity should be most effective in perturbing a saccade; and a rostro-caudal gradient in the size of the active zone and in the proportion of motor-related neurons [6, 7] .
A critic could argue that visuomotor interactions in DR occur, not in the SC, but in the remaining FEF involving a visual signal ascending from the superfi cial ipsilesional SC crossing to this FEF [4] , which would return a crossed descending motor signal to the deep ipsilesional SC [8] . This is unlikely because the motor maps of the SC and classic FEF are different, and only few FEF cells encode ipsilateral saccades [8] (with an unknown motor map). Possible further support for this argument is that SE had spared FEFs and weak probe effects. A brief current pulse to the superfi cial layer of the rat SC produces a prolonged (~300 ms) burst of excitatory postsynaptic current in intermediate layer cells [10] . An additional input to the deeper layers could trigger a saccade. By extension, a visual stimulus in the blind hemifi eld of our patients could not, on its own, trigger a goal-directed saccade, presumably because motor activity in the intermediate layers of the ipsilesional SC (SCi) is absent. Thus, we hypothesize, mostly for DR, that probe-evoked activity in retino-tectal afferents to the SCi's superfi cial layers descended to intermediate layers and enhanced weak motor preparatory activity for contralesional anti-saccades, itself due to a crossed descending motor signal from contralesional FEF-to-SCi [4, 8] . The many and varied residual abilities among blindsight patients suggest that blindsight relies on more than one residual pathway. Here we provide evidence indicating that the mammalian homologue of the primitive reptilian retino-tecto-reticular pathway is remarkably functional in humans, thus permitting a form of 'action' blindsight [1] .
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